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ABSTRACT

MEASURING SYSTEM

By David B. Hakewessell

A soft X-ray absorption-mode gas density measuring system
has been developed which operates on the principle that the
quantity of soft X-rays absorbed in a gas is a function of the
gas density. System operating parameters have been selected
which provide a measurement accuracy of 457 of density over a
range of 0.01 atmosphere to 1.0 atmosphere, with measurement
path lengths of 2.5 to 61 cm. A prototype system has been
assembled, calibrated, and tested and is ready for installation

in gas-flow facilities needing this measurement capability.
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DESIGN OF A SOFT X-RAY
ABSORPTION-MODE GAS DENSITY
MEASURING SYSTEM

By David B. Hakewessell

SUMMARY

A soft X-ray absorption-mode gas density measuring system
has been designed, fabricated, and tested. The system operates
on the principle that the quantity of soft X-rays absorbed in a
gas is a function of the gas density. System test results are
in agreement with theories relating absorption characteristics
to gas density. Using these relationships, system operating
parameters have been selected which provide a measurement ac-
curacy of £5% of density over a range of 0.01 atmosphere to
1.0 atmosphere with measurement path lengths of 2.5 to 61 cm.

Hardware has been assembled, calibrated, and tested which
meets all of the stated requirements and is ready for install-

ation in test facilities needing this measurement capability.



INTRODUCTION

The soft X-ray absorption-mode density measuring system
was designed to provide a means for determining air densities
of a flowing stream. The measurements are made using a technique
that does not disturb the gas flow properties. The system is
capable of measuring the average gas density over a wide range
of measurement path lengths.

The purpose of the work reported in this document is to
design, fabricate, test, and deliver an air density sensing
system which uses the absorption of soft X-rays as the method of
measurement. A highly collimated beam of X-rays is directed
through the gas to be measured. The quantity of X-rays that
reach a detector without being absorbed by the gas provides the
measure of gas density.

The basic physics of the measurement is well known and
understood. X-ray equipment of the type used has been available
for many years in X-ray spectrometers. The system design stems
from this equipment, thus allowing maximum use of proven hard-
ware. Each element of the system has been selected to provide
the best performance for each particular job. The assembly is
fabricated into a unit shown in figure 1. In certain cases
where the standard hardware configuration was not capable of
meeting the required accuracy, special techniques were de-
veloped. For example, in some regions of operation the X-ray

output flux must be stable and repeatable to within #0.3%. To




FIGURE 1 - Photograph of Soft X-ray Absorption Mode
Gas Density Measuring System
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meet this stringent requirement, a special output flux stabil-
izing system was designed.

Extensive performance testing of the system has been com-
pleted. A detailed error analysis has been performed and the
important parameters experimentally verified. Results of these
analyses and tests indicate that the system is capable of pro-
viding a gas density measurement over a 100:1 density range and
a 61 cm to 2.5 cm path length with a measurement accuracy within
5.0 percent of reading.

The interconnection and control logic of the system was
designed to minimize accidental damage by providing overload
protection and fail safe turn-on sequencing.

The significant contribution of this work is the verifi-
cation of basic accuracy considerations, the successful modifi-
cation of standard X-ray tubes to provide the necessary outputs,
and the development of collimation techniques which provide the
required beam widths.

The work reported in this document includes a listing of
the overall system requirements, discussions of the theory of
operation, a description of the hardware design, a theoretical
analysis of the system performance, an experimental evaluation
of system performance, instructions for system operation, a
discussion of safety considerations, conclusions, recommenda-

tions, and applications.
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SYMBOLS AND UNITS

The International Systems of Units will be used throughout

report.

The symbols used in this report are listed below.

Dose rate

X-ray energy

Open loop transfer function

X-ray intensity

Background pulse rate

Detected pulse rate

X-ray intensity at the anode
Initial X-ray intensity

True pulse rate

X-ray power

X-ray tube plate current

gain

Transfer characteristic of filament
power supply

Transfer characteristic of X-ray tube
Transfer characteristic of feedback
resistor

Gain of preamplifier

Gain of discriminator

Gain of proportional counter

Number of pulses

rad/hour

keV

Hz
Hz
Hz
Hz
Hz
Hz
watts

milliamperes

volts/volt

milliamperes/volt

volts/milliampere



SYMBOLS AND UNITS - Continued

Measured pressure

Air pressure

Partial pressure of water vapor
Gas constant

Gas constant for air

Feedback capacitor leakage resistance

Feedback resistance
Input resistance

Gas constant for water vapor

Ratio of fractional gain change to fractional count rate

change
Laplace operator

Gas temperature

Discriminator base level setting

Proportional counter excitation voltage

Amplifier output voltage
Amplifier offset voltage

X-ray tube plate voltage
Reference voltage

Path length

Thickness of counter gas
Thickness of X-ray tube window
Atomic weight

Detector efficiency

Error signal

/ 2
gm/cm
2
gm/cm
2
gm/cm

ohms
ohms
ohms

°K
volts
volts
volts
volts
volts
volts
cm
cm

cm

volts




SYMBOLS AND UNITS - Continued

g Damping ratio
o Mass absorption coefficient of air cmz/gm
Mo Mass absorption coefficient of counter

gas cmz/gm
My Mass absorption coefficient of X-ray

tube window cmZ/gm
W, Mass absorption coefficient of water cmz/gm
p Gas density gm/cm3
P, Air density gm/cm3
p. Calibration density gm/cm3
P. Density of counter gas gm/cm3
P, Water vapor density gm/cm3
P, Density of X-ray tube window gm/cm3
T Detector resolving time seconds
Ty Time constant of integrator seconds
Ty Time constant of X-ray tube seconds
w, Natural frequency radians/second

SYSTEM REQUIREMENTS

The objective of this work is to design and fabricate a soft
X-ray absorption-mode gas density measuring system consisting of
a highly collimated X-ray source, an X-ray detector, and
associated electronic equipment. The system must provide an
output which is a measure of the average gas density over the

path traversed by the X-ray beam in air. The detail system



requirements are listed below.

X-ray Beam Path Langth - Variable from 2.5 cm to 61 cm

X-ray Beam Diameter - Maximum beam diameter of 0.635 cm

. Density Range - 0.01 atmosphere to 1.0 atmosphere

1

2

3

4, Accuracy - Error less than +5.07% of density

5 Response - Averaging time of one second

6. Safety - The X-ray source must be shielded in all
directions save that of the beam to such an extent that no
hazard will occur to operating personnel in the immediate

vicinity of the source from spurious radiation.

7. End Use of Device - The device is for use in laboratory

facilities for the measurement of gas density in and about

hypersonic ramjet experimental engines.
THEORY OF OPERATION

This section presents the theoretical background pertaining
to X-ray generation, absorption, and detection and how it
applies to the problem of air density measurement. Figure 2
illustrates the basic system elements. X-rays are generated by
the X-ray tube source. These X-rays are collimated into a
narrow beam which is directed through the air volume where
density is to be measured. In traversing the air volume, a
portion of the X-rays is absorbed. The remaining flux is meas-
ured by the X-ray detector and compared with calibration data,

thus providing the measure of density.




TR 1Ty e e
‘

/-‘ GAS BEING MEASURED

X-RAY DETECTOR COLLIMATOR

§

ﬂﬂ
—)

X- RAY BEAM

—(

X-RAY TUBE SOURCE

FIGURE 2 - System Elements and Geometry




Absorption Process

As the X-ray beam traverses the gas, a portion of the X-rays
interacts with the gas. The interaction is either one of ab-
sorption or scattering for soft X-rays in the 1 to 5 keV energy
range., As an X-ray is absorbed, its energy is transformed into
energy of other types. Part goes into kinetic energy of ejected
photo-electrons or recoil electrons, and part into potential
energy of the excited atoms remaining. The moving photo-
electrons and recoil electrons dissipate their energy in the gas
by formation of ions. The excited states of the remaining atoms
are in general short-lived, and as they return to a normal state,
radiation is emitted which is absorbed in the parent atom or in
adjacent atoms, with the ejection of electrons and subsequent
loss of energy in the formation of ions. When an X-ray is
scattered from the beam, it is eventually absorbed with its
energy appearing as the energy of electron motion and subsequent
ion formation.

In the absorption process the fraction g%, of the intensity,
I, of the beam of X-rays absorbed as they pass through a thin
layer of matter is proportional to the density of the material,

p, and the thickness, dx, of this layer. Then

Q% = -updx (1)

where u is the factor of proportionality called the mass ab-
sorption coefficient. Integrating this expression through a
distance, x, gives the expression

I =1 e HeX | (2)
10
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where Io is the initial beam intensity.
Knowing the initial intensity, Io’ mass absorption coef-
ficient, u, and path length, x, the detected intensity, I, gives

the measure of density, p, as shown by

o]

1

p = E§

1n Tg (3)

The mass absorption coefficient of air is a strong function
of the X-ray energy as illustrated in figure 3. The X-ray energy
is selected to provide the proper mass absorption coefficient,

WM, for a particular distance, x, to obtain the desired scale
factor.

The scattering coefficient for soft X-rays is 0.19 cmz/gm
(Ref. 1). This is a small portion of the mass absorption coef-
ficient which ranges from 3,850 cmz/gm to 37 cmz/gm over the
1 to 5 keV X-ray energy range (Ref. figure 3). Scattering and dose
buildup effects due to secondary scattering are thus neglected.

A portion of the atoms which are in an excited state as a
result of an X-ray interaction regain their normal state by a
process in which energy is liberated in the form of fluorescence
X-ray. The energy of the fluorescence X-ray is determined by
the atomic structure of the gas. The fluorescence energies re-
sulting from electrons ejected from the K shell of oxygen and
nitrogen are 0.532 keV and 0.400 keV, respectively. The ratio
of fluorescence X-rays generated to electrons ejected is called
the fluorescence yield and is a function of the atomic number.

For low Z materials like oxygen and nitrogen, the fluorescence

11
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yield is very low, less than 0.0l1. Since each fluorescence X-ray
may leave the atom in any direction, the portion that remains in
the X-ray is small. These two factors indicate the fluorescence
process contributes negligibly to the detected count rate.

From the above considerations the absorption process is
seen to be purely exponential for a given X-ray energy. The
resulting calibration curve is detected X-ray intensity versus
density for a given energy and path length is illustrated in
figure 4,

X-ray Source

The source of X-rays for the system is a conventional X-ray
tube operating at 1,000 to 5,000 volt plate voltage and 0.2 to
10 milliamperes plate current. The generation of X-rays in an
X-ray tube is accomplished by accelerating electrons through the
plate potential toward a tungsten target. As these electrons
hit the target they are decelerated rapidly with the resultant
generation of bremsstrahlung radiation. A typical bremsstrah-
lung X-ray or continuous X-ray spectrum is illustrated in figure
5, curve 1. The upper energy limit is established by the accel-
erating potential. The decrease in intensity at low energy is
the result of absorption of the softer X-ray component in the
tungsten target.

The continuous X-ray spectrum is modified as the radiation
passes out of the tube envelope through a thin beryllium window.
This window absorbs a portion of the X-ray flux. The lower

energy X-rays are absorbed to a larger extent than the higher

13
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energy which modifies the spectrum, as shown in figure 5, curve
2. This preferential absorption results in a fairly narrow out-
put spectrum whose energy is slightly below the plate voltage of
the X-ray tube.

A second important X-ray generation mechanism results in an
X-ray line, characteristic of the X-ray target material. 1In
this mechanism electrons are ejected from the inner portion of
atoms of the target material by the electron beam. When an
electron returns to the vacated position, fluorescence X-rays
are emitted. The fluorescence X-rays have discrete energies
known as the K, L, and M characteristic radiations. The K line
is most pronounced and the L and M lines less intense, respec-
tively. For a tungsten target, these characteristic lines fall
at approximately 69.5 keV, 12.1 keV, and 2.8 keV. The plate
voltage of 1 to 5 keV is not high enough to excite the K and L
lines and the intensity of the M line is negligible compared to
the continuous spectrum. A copper target has characteristic
lines at approximately 9.0 keV, 1.1 keV, and 0.14 keV. A fixed
line at 1.1 keV has been noted in the X-ray tube tested, indi-
cating the presence of a copper contaminant in the tungsten
target.

The power of the continuous X-radiation is related to the
plate current, plate voltage, and atomic number of the target
material as in the following expression

_ =12 ., 2
IW = 1.4 x 10 1pZVp (4)
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where

Iw = output power in watts

Ip = plate current in milliamperes

Z = atomic number of target materials
Vp = cathode to plate voltage in volts

This shows direct proportionality of power to current and to the
square of voltage. The X-ray output power is also a strong
function of the attenuation in the beryllium window. The at-
tenuation of the 0.0125 cm thick beryllium window as a function
of X-ray energy is illustrated in figure 6. This shows a strong
output sensitivity to X-ray energy at the lower energies, in-
dicating the need of a highly stable plate voltage to maintain
a stable output flux.
Collimator

The X-ray output must be collimated into a beam whose
diameter does not exceed 0.635 cm over a 61 cm path length.
Since the X-ray tube target spot is of finite dimensions, the
X-ray tube cannot be considered a point source. This con-
dition eliminates the possibility of using a single pin hole
type collimator. Referring to figure 7a, it is seen that a col-
limator is required with a diameter to length ratio of 1:200.
For the collimator to be reasonable length, 5 cm or less, the

collimater diameter must be 0.025 cm or less. The collimator

17
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meeting this constraint was designed using a bundle of parallel
hypodermic tubes. Each tube has a length of 5 cm or less and

an inside diameter of the required 0.025 cm. The tube bundle is
0.635 cm in diameter. The resultant intensity profile calculated
by summing the theoretical profile of each tube is shown in
figure 7b, At the 61 cm distance, 80 percent of the flux falls
within a 0.635 cm diameter circle.

For the shorter path lengths, the collimation requirement is
not as stringent and so shorter length collimators are used. For
example, a 0.635 cm long collimator with 0.025 cm ID tubes pro-
vides a beam width of 0.635 cm at a distance of 6.5 cm. The
collimator lengths selected for the various measurement distance

ranges are given below.

Collimator Length Measurement Path
(cm) Length (cm)
5.0 25.0 - 61.0
2.5 12.5 - 25.0
1.25 5.0 - 12.5
0.635 2.5 - 5.0
Detection

A proportional counter detector was chosen over other types,
such as solid state and scintillator/photo tube detectors, because
it exhibits the lowest noise and highest resolution in the 1-5 keV
energy range. The proportional counter chosen is 3.34 cm diameter
by 11.45 cm long. The counting gas is 907 argon and 10% methane.

The window material is 0.00038 cm thick mylar. As the X-rays

19



X-RAY BEAM WIDTH
X-RAY SOURCE

FIGURE 7a

RELATIVE INTENSITY OF BEAM

1 ! | N 1 1 1 ] L 1 L1
0.6 0.4 0.2 0 0.2 04 0.6
RADIAL DISTANCE cm

FIGURE 7b - Collimator Characteristics

20




enter the proportional counter, they interact with the gas
forming ions. A voltage potential applied across the counting
chamber accelerates these ions to energy sufficient to ionize
further the gas molecules by collision. The higher the potential,
the greater will be the energy of the secondary ions formed, and
the greater the total ionization produced. A "gas amplification
factor" is thus introduced which increases with voltage. The
proportional counter is operated at a voltage such that the total
ionization formed is proportional to the energy lost to the gas
by the X-ray particle. The electrons are collected at the anode,
creating a voltage pulse whose amplitude is proportional to the
X-ray energy.

The rise time of the voltage pulse is rapid since the elec-
trons are quickly drawn to the anode. The decay time is much
slower, representing the time required for the heavier positive
ions to reach the cathode. The rise times are typically 0.5
4 second and decay times 5.0 u seconds.

The efficiency of the counter tube is a function of the
energy of the X-ray. Very high energy X-rays have a high prob-
ability of passing through the counter gas with no interaction
and thus the efficiency is low. Very low energy X-rays have a
high probability of being absorbed in the counter tube window and
thus the efficiency is low. Figure 8 shows the percent
efficiency versus X-ray energy for the counter tube showing a
peak efficiency at 3.5 keV of 93%. The break in the curve at

3.2 keV is at the K edge of the argon gas.

21
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The range of counting rates required of the counter is 200
Hz to 80,000 Hz. The resolution time of the counter is hampered
by the long output pulse decay. To improve the counter reso-
lution, the counter output is fed immediately to a differenti-
ation circuit. This provides a pulse whose amplitude is still pro-
portional to the counter output but whose width is less than
1 4 second. The inability to resolve pulses less than 1 u second
apart causes count losses at the high count rates due to the

random nature of the counting events. The actual counting rates

are related to the input flux by
It
Ia =17 I, 7 (3)

where It is the true rate of arrival of events, Id is the meas-
ured rate of arrival of events, and T is the resolution time.

At extremely high counting rates there is a positive ion
sheath buildup around the anode due to the relatively slow
transport time for the positive ions to reach the cathode. This
positive ion sheath changes the potential gradients near the
anode which results in a reduction in gas amplification. The
output pulse heights thus decrease as the counting rates reach
high values.

A typical pulse height spectrum obtained with the propor-
tional counter is shown in figure 9. The gamma rays counted are
at 5.9 keV from an Fe-55 radioisotope source. The proportional
counter is seen to have a pulse height resolution capability of

about 30% at 5.9 keV (spectrum width at half amplitude). An

23
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X-ray spectrum is shown in figure 10, measured at three counting
rates. A shift in counter gain is evident. The effect of this
gain variation is minimized by counting all pulses above a given
threshold voltage level. This level is set high enough to
reject noise and low enough such that shifts in gain do not

ignificantly affect the total count rate. The background

]

levels with such a setting are very low, typically less than
2 pulses per second.

The counter gain is a function of the high voltage applied
from anode to cathode. Using the single low level pulse height
discriminator minimizes effect of gain variations due to high

voltage variations.
HARDWARE DESCRIPTION

This section describes the hardware configuration of the
gas density measurement system. The pertinent specifications for
the system elements shown in the block diagram of figure 11 are
given and the various modes of system operation are discussed.

General Description

The heart of the system shown in figure 11 is a conventional
X-ray tube modified for low voltage operation with a 0.0125 cm
thick beryllium window. The X-ray tube plate voltage is supplied
by a 0-10 kV highly regulated power supply. Filament current is
supplied by a regulated power supply. The X-ray tube anode
current passes through a 100 ohm resistor and the voltage thus

developed is compared to a reference voltage by the plate current

25
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stabilizer. The output of the plate current stabilizer is fed

to the programming terminal of the filament power supply and is
used to correct variations in anode current by adjusting filament
temperature. The reference voltage is supplied by a precision
reference voltage supply.

The detection portion of the system is comprised of elements
of an X-ray Spectrometer. The X-ray detector is a proportional
counter tube filled with a 90% argon 10% methane gas.. The pro-
portional counter is driven by a high voltage power supply
nominally set for 1650 volts. The output of the proportional
counter tube is amplified by the preamplifier. This amplified
signal is then further amplified and operated on by a pulse
height discriminator. The output of the pulse height discrimi-
nator drives a pulse counter, which in turn drives a digital
recorder,

The control panel selects the various basic modes of system
operation by means of a five position rotary switch. This panel
also provides mounting for the X-ray tube plate current stabi-
lizer and automatic reset and overload sensing circuitry. The
line voltage stabilizer provides stabilized power to the system.

Component Parameters and Functions

Important component parameters and functions are described

in this section.

X-ray Tube. - The X-ray tube has the following characteristics:

Minimum plate voltage: 1 kv

Maximum plate voltage: 20 kv
28




Maximum filament current

Maximum continuous plate current:

Minimum window diameter:

Maximum window thickness:

Filament life at maximum ratings:

The

ation at maximum ratings.

2.05 amperes
10 mA

0.625 cm
0.0125 cm
1000 hours

anode is cooled by forced air to allow continuous oper-

X-ray Tube Plate Voltage Supply. - The plate voltage supply has

the following important characteristics:

Qutput voltage:

Output current:

Line regulation:

Load regulation:

Stability:

Calibration accuracy:

Resetability:

Temperature coefficient

of output:

0 to 10,000 Vdc

0 to 15 milliamperes

0.001% or 2 mV (whichever is
greater) for 107 line change
from nominal

0.001% or 5 mV (whichever is
greater) for full load change
+0.005% per hour; +0.02% per
day after warmup

+0.25% or 250 mV (whichever
is greater)

+0.05% or 50 mV (whichever

is greater)

Less than 20 parts per million

per °C from +10°C to +40°C

29



Overload protection: HV turned off if plate current
exceeds 13 mA

Filament Power Supply. - The filament power supply has the fol-

lowing important characteristics:
Output voltage: 0-36 Vdc
Output current: 0-5 amperes
Remote Voltage Program Capability

Plate Current Stabilizer. - The plate current stabilizer is an

integrating operational amplifier which supplies the program
voltage to the filament power supply. The operational amplifier
has its own power supply. This stabilizer has the following
important characteristics:

Feedback resistor temperature sensitivity: 250 ppm per °C

Input resistor temperature sensitivity: 250 ppm per °C
Feedback capacitor leakage resistance: >1000 megohms
Amplifier offset voltage drift: 50 uV per day
Amplifier offset temperature sensitivity: 0.6 mV per 10°C
Plate Current Reference Supply. - The plate current reference

supply has the following important characteristics:

Output voltage: 0-20 vdc

Output current: 0-500 milliamperes

Line regulation: 100 uV for 10% line variation

Load regulation: 100 uv for 100% change in rated load
Stability: Less than 0.001% plus 100 uV drift

per eight hours

30




Temperature Coefficient: 0.005% or 30 uV, whichever is

Resolution:

greater, per degree centigrade

10 uv

Proportional Counter Tube. - The proportional counter tube has

the following important characteristics:

Dimensions:

Operating voltage:

Gas:

Path Length:

Window:

3.34 cm diameter, 11.45 cm long
1400-2000 volts

Argon 90%, Methane 10%, continu-
ously flowing with pressure
slightly above atmospheric

2.5 cm

Mylar, 0.00038 cm thick, 1.43 cm
wide, 2.22 cm high

Counter Tube Power Supply. - The counter tube power supply pro-

vides voltage to the counter tube plus several voltages used in

the detection system. The power supply has the following

important characteristics:

High voltage output:

HV repeatability

HV line regulation:

HV drift:

500-3000 Vdc (System operates at
1650 vdc) (Pot setting 0.730)
0.03%

0.005% for 1% variation of input
voltage

+0.03% for first 1/2 hour of

operation

HV temperature stability: -0.035% for an increase of 10°C

from a nominal operating temperature

31



Low voltage outputs: +250 Vdc at 200 mA
6.3 Vac at 3 amperes

-105 Vde at 10 mA

Preamplifier. - The preamplifier has the following important
characteristics:

Gain: 1.0

Gain stability: +0.5% for a line voltage variation

of +1% input to the power supply
Temperature sensitivity: 0.1% for 5°C temperature variation

Pulse Height Discriminator. - The pulse height discriminator am-

plifies the pulses from the preamplifier and then rejects all
pulses below the base level setting. This component has the
following important characteristics when set up to operate in the
soft X-ray gas density measurement system.
Amplifier gain variable: 20 to 500
(System coarse gain switch setting: 16)
(System fine gain potentiometer setting: 0.875)
Input pulse height: 0-16 millivolts
Pulse height selector
amplitude range: 1.0-100 volts
Amplifier gain stability: +0.3% for a line voltage
variation of %17 input to the
power supply
Amplifier gain temper-
ature sensitivity: 0.1% for 5°C temperature
variation
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Amplifier gain drift: 0.1% for any 8-hour period
Pulse resolution 0.25 microsecond
Base line adjustment range: 0-100 volts

(System baseline potentiometer setting: 0.010)

Base line stability: +0.1 volt for %1% wvariation

Base line temperature
sensitivity: 0.3 volt for a 5°C increase
in temperature
Base line drift: +0.3 volt for first 1/2 hour
operation; 0.2 volt for any
8-hour period after warmup

Pulse Counter. - The pulse counter has the following important

characteristics:
Frequency range: 0 to >2 MHz
Total pulse count: 0-999,000 pulses
Accuracy: 1 count *time base accuracy
Time base accuracy: +2 parts in 106
Time gate: 10 u seconds to 10 seconds
(System set for 1 second)
Trigger level: -100 to +100 volts, adjust-
able (System set for +1.5
volts dc)
Digital Recorder. - The digital recorder has the following im-

portant characteristics:
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Accuracy: Same as pulse counter

Printing rate: 5 lines per second, maximum
Column capacity: 6 columns
Control Panel. - The control panel provides switching and over-

load circuitry for operating the X-ray tube. A circuit diagram
of the control panel is shown in figure 12. The modes of oper-
ation as selected by the position of the rotary switch are:
1, Normal
In this position the filament power supply is connected
for manual control of the filament voltage and current.

2. Zero Qffset

This position provides the operator with a means of ac-
curately setting the amplifier offset voltage to zero.
Offset voltage should be checked frequently and adjusted
to within £0.005 volt, as the repeatability of the
system is affected by drifts in this parameter.

3. Ooff
This position removes filament voltage and disables the
system.

4, Filament Warmup

This position provides a minimum of 30 seconds for the
X-ray tube filaments to warm up at a reduced filament
current before the plate voltage supply is enabled.
After this warmup period, the plate voltage supply
standby light comes on and the high voltage may be
turned on.
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This filament warmup position forces the operator to
turn the plate voltage supply standby/operate switch to
STANDBY and wait for approximately 30 seconds until the
standby light turns on. If for any reason the user
switches to another mode of operation or does not

place the standby/operate switch in standby, the plate
voltage supply will not be enabled.

Operate

The operate position allows normal servo action to take
place which controls the X-ray tube plate current at
that value determined by the reference voltage setting.
The normal range of plate current is zero to approxi-

mately 10 mA.

If an accidental overload occurs, the overcurrent pro-
tection circuit turns the plate voltage supply off and
this event is sensed by the reset circuitry on the con-
trol panel. The reset circuitry removes voltage from
the X-ray tube filaments and requires the operator to
return to position 4 and to place the standby/operate
switch in the standby position. Thirty seconds will be
required after this sequence of operations for the plate
voltage supply to recover. After the standby lamp has
turned on, the plate voltage may again be turned on and

the operation mode switch may be returned to position 5.

If operation above 2.5 kV plate voltage is desired, it is




necessary to switch from standby to operate with the plate
voltage set at below 2.0 kV to prevent a transient overload con-
dition. Then while the mode switch is still in position 4 and
the high voltage on, the high voltage may be switched from this
nominal value up to the desired value.

If this procedure is not followed, the voltage transient
resulting from the high voltage turn-on will actuate the reset
circuitry and once more disable the system.

The system loop gain varies in a non-linear manner as a
function of plate current. It was therefore found necessary to
provide two time constants for the system feedback amplifier;
one time constant is for operation of the system at plate current
below 5 mA and the other is for operation above 5 mA. The time
constant switch is turned to the proper position prior to each
operation. An improper time constant may cause the system to
overload, thus actuating the reset circuitry, disabling the
system.

A meter indicating the approximate value of the plate cur-
rent is mounted on the control panel as a visual check of system
operation.

The filament voltage overload circuit senses the program
voltage input to the filament power supply. If this voltage is
excessive (equivalent to filament current of greater than 2.05
amperes), the reset circuitry removes plate voltage and filament
voltage from the X-ray tube and requires the operator to return

to position 4.
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Line Voltage Stabilizer. - The line voltage stabilizer has the

following important characteristics:
Line voltage regulation: 0.2% for line voltage var-
iation from 95 to 130 Vac
Line frequency variation: 0.47% voltage regulation for

frequency shift of 57 to 63

Hz
Load regulation: 0.1% for O to 100% rated load
Temperature coefficient: 0.1% per °C

Component Assembly
The components described above are assembled in a 19-inch
relay rack as shown in figure 13. The X-ray tube, blower, and
collimator are mounted at the test chamber shown in figure 14,
The proportional counter, gas supply, and preamplifier are also
mounted to the test chamber. Power and signal cables are supplied
from the relay rack to the test chamber. The system wiring dia-

gram and power interconnect diagram are shown in Figure 15.

SYSTEM ANALYSIS

The basic parameters of the density measurement system are
related by
where I4 is the output pulse rate; u, p, and x are the mass
absorption coefficient, density, and path length of the gas being

measured; I  is the equivalent pulse rate at zero density; and
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I, is the background pulse rate. The system is calibrated such
that the relation between I4 and p are precisely known for the
selected values of Io’ 4, and x., The accuracy of the system is
dependent upon how well the calibration data repeats. There are
numerous factors?which affect the system calibration. These
factors will be examined individually to determine the overall
system accuracy.
Factors Affecting u
Errors in the mass absorption coefficient, W, cause errors

in the density measurement as

>

LY
P

(7)

cle

The factors affecting u are the X-ray energy and gas com-
position.

X-ray Energy. - The mass absorption coefficient of air is related

to the X-ray energy by the expression

u = 3800 288 (8)
obtained by examination of figure 3. Error in energy thus
affects u as

Ao AE

M 2.88 o (9)

Since the X-ray energy is directly proportional to the X-ray

tube plate voltage, Vp

—ﬁ-= -2.88 —£ (10)

Combining equations (7) and (10) gives

A AV
p
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Ao av
=L =2.88 2 (11)
p vV
P
Gas Composition. - The composition of air being measured is as-

sumed to not vary.

Factors Affecting I,
Errors in the initial X-ray flux, Io’ cause errors in the
density measurement as

-1 "o (12)

The major factors affecting the initial X-ray flux detected are
the X-ray tube plate voltage, the X-ray tube plate current, and

the detector response.

X-ray Tube Plate Voltage. - Tbg X-ray tube plate voltage affects
the output flux by two mechanisms. The first is the X-ray gen-
eration and the second is X-ray absorption in the tube window.

From equation (4) the X-ray output intensity, I,, is seen
to be directly proportional to voltage sza Thus, variations in
voltage affect density as

A 2 AV

Yo
Sex TV (13)

pe

of

The absorption of the X-ray flux in the thin beryllium

window is a function of the X-ray energy or tube voltage. This

relation is given as

I =1I,e WWVW (14)

and
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b, = 620 E"2-8 (from data Ref. 2) (15)
where Ii is the initial flux, Moo P and X are the mass ab-
sorption coefficient, density, and thickness of the beryllium
window. From equations (12) (14), and (15) the voltage effect

on density is found to be
' M P_X__ AV
W W

4p _ L WWW, —B (16)

5 T .88 7 {(16)
P

X-ray Tube Plate Current. - Referring to equation (4), the X-ray

tube output flux is seen to be directly proportional to plate
current, ip, From equations (4) and (7) the plate current

affects the density measurement by

Ai
Ap_ 1 " p
P HPX ip a7

The plate current is stabilized by the stabilization loop
illustrated in figure 16. Errors in plate current are
caused by variations in reference voltage, Vo input resistor
value, Ri’ feedback resistor value, Rf, integrator capacitor
leakage resistance, Rcl’ and integrator amplifier offset
voltage, Vo' These error sources are related to plate current
by the following equations. The reference voltage, input re-
sistors, and feedback resistors affect the plate current
directly.

1A Av AR, AR

i
L= L - == - (18)
i, V., R R

The integrator capacitor leakage resistance causes an error

dependent upon the reference voltage, V_, integrator output

rJ
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voltage, Vg, and input resistor value, R, and leakage resistance
value, R ;. The error due to variations in the value of leakage

resistance is

o]

i

<|<
Hh

(19)

W

b1
—1-B=
lp cl 'r

The integration amplifier offset voltage, VO, causes an

error dependent upon the reference voltage, Vr‘

Al VO (20)
L2 =2 0
lp Vr

The combined effect on density is

ap _ 1 I’Avr OBy ORg . R, X£.+ XQ] o1
P M PxX L Vr Ri Rf Rcl Vr VrJ
Detection. - The sensitivity of the detector system is related

to the gain and efficiency of the proportional counter, the gain
of the preamplifier, and the stability of the pulse height dis-
criminator low level setting.

The efficiency, €, of the proportional counter is related

to the counter gas density, Po> as

-4 P X
e=1-e ©€¢€ (22)

where Mo and X, are the mass absorption coefficient and path
length of counter gas. Variation in efficiency as a function

of counter gas density is

se _ McPe¥e AP 9
e_upx p (3)

ccec_y c

e

The counter gas density is directly proportional to pressure and

equal to atmospheric pressure, P,. Thus variations in
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atmospheric pressure cause variations in efficiency as:

A€ ucpcxc APa
£: (24)
€ “cpcxc_l Pa

e

The variation of detected count rate with gain and level
setting depends strongly on the detected X-ray spectrum. Figure
17 shows typical spectra in the vicinity of the base level set-
ting normalized to the same total count rate, Ly The discrimi-
nator base level is set at Vy. At this point the differential
count rate is AId/AVb° The effect of gain variations on de-

tected count rate is thus

AT AT \Y
d d b AK
= (=2 =2 &5 (25)
Id (Avb) Id K
AId\ Vb
The value{-s—! =— is about the same for all spectra. Let this
AV 1g
value be S. Then
AT
flo _ ¢ 4K
I~ 57X (26)

Gain variations are caused by counter tube high voltage vari-
ation, AVC, preamplifier gain variation, AKa, and discriminator
gain variation, 4Ky . The counter tube gain variation is related

to the voltage variation as

AK AV
‘EE = 13.2 ‘VE (27)
C C

The preamplifier and discriminator gains, variations, AK, and
0Ky, have the same effect as counter tube gain variations.

Variations in the low level discriminator setting cause
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variations in count rate as

AIn AV,
—_— = -5 —= (28)
Io Vb

The total effect of these gains, efficiency, and level variation

on the density measurement are

u_p X AP AK AK AV AV
4e - 1X == =+ S =+ S ——Kb + 8 13.2 =-S5 ———Vb (29)
S Qucpc c_ﬁ a a b c b

Variations in gain with count rate and pulse coincidence
loss with count rate do not cause system error since they are
part of the calibration.

The random nature of X-ray generation causes the number of
pulses counted during a given period to fluctuate in a random
fashion about an average value. Counting for a one-second
interval can yield only an estimate of the true average counting
rate. If the number of counts, n, is large, the standard devi-
ation is about equal to * VYn. TFor a one-second counting period,
the value of n is equal to the counting rate I4.- The fractional

error in count rate is then

AT /1
et (30)
d d
The effect on density is then
bp _ i__1_¢_I§ (31)
p mex I,
Calibration. - System calibration is performed in a vacuum

chamber with carefully controlled and measured density. For

every path length, with the exception of 2.5 cm, the plate
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voltage and current are determined to give a calibration curve
which has a pulse rate of 200 Hz at 1 atmosphere and 80,000 Hz at
0.01 atmosphere. For the 2.5 cm path length, the plate current
and voltage are determined to give a 100 Hz pulse rate at 1.0
atmosphere and 40,000 Hz pulse rate at 0.0l atmosphere.
Thirty-second counting periods are used to improve the
counting statistics for the calibration. The calibration un-

certainty due to counting statistics is thus

AId v 30 Id

— =t (32)
T4 30 Iy
Relating to density gives
S
A 1 730 14 (33)

5 =% opx 30 i

The calibration data is plotted on log-log paper to suf-
ficient size such that reading error is less than *17 of density.

—93 - + 0.01 (34)

The density of the air in the calibration chamber is com-
puted from pressure and temperature measurements. The pressure
measurement is made to an accuracy of better than #0.35% of
reading and the temperature measurement to better than *0.17%
of reading. The density is computed from the equation

.
P = RT (33)

where p is the density, P is the measured pressure, T is the
measured temperature, and R is the gas constant. Errors in

pressure and temperature measurement affect density as
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bp _ AP _ AT (36)

The water content of the air being measured will cause a
slight error in the computation of density due to the difference
in gas constants,

The measured pressure P is the sum of the partial pressures

of water vapor Pw and air Pa'
P=P, +P, (37)

The density of the gas p is the sum of the density of the water
vapor p_ and air P,

p=p +p (38)

The computation of density of each component is

P
p = —H_ (39)
A Rw T
Pa
pa TRT (40)
a

The density of the mixture is then

P P

W a
p = + (41)
R, T Ra T

The density used in the calibration, pc, assumed no moisture

content

P (42)

P. = P P R
Ap _ "c A a
Sl . Wil -_2 (43)
P pC T ( Rw>
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For a typical condition of 40% relative humidity, a temper-

ature of 25°C, and a pressure of one atmosphere, the ratio

P R
?E = 0.0125. The ratio of gas constant ﬁi = 0.62. The error
a W
in density is thus
é% = 0.0125 (1 - .62) = 0.0048 (44)

An additional error is introduced due to the different mass
absorption coefficient of water vapor than air. The fractional

error in density due to this effect is given by

sp _ Pw (Mw (45)
PPy \Ha

For the case with 40% relative humidity, the ratio of densities
p

is ¥ = 0.0125 and the ratio of mass absorption coefficients is
a

Ha

— = 1.04 the error is

Ha

é% = 0.0125 (1.04 - 1) = +0.0005. (46)
Inaccuracies in setting up the path length during cali-
bration causes density errors given by

bp _ _ Ax (47)

P X

Background. - The background pulse rate I, is less than 2 pulses
per second. The fractional error in demnsity caused, assuming no

background correction, is given by

I
Ap _ 1 b
5 T Wex T (48)
Error Summary. - The individual errors are listed in table I.
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TABLE 1. - ERROR SUMMARY
61 cm Path Length

(9]

3.5 Aimosphere 0.1 Atmosphere_ 1.0 Atmosphere
[ | Paranerer Tarameter] —— eror [[Patameter [ % ¥erer|| Farameter | [T ¥rEor ]
Uncer- |Multiplying Uncer- Multiplying in Uncer- | Multiplying in Uncer- Multiplying in
JEXror Sourge tajnty Factor tainty Eactor Denpity taioty Factor Density taingy Factor Depaity
X-Tay tube plate voltage an| Yy +2.88 $0.05% +2.88 42.88 +2.88
effects on o 2
X-ray tube plate voltage ef- }(13)] Vv + Gox £0.05%  |+11.76 40.85 42,54 40,30 40.778 40,17
fects on flux generstion -
Mg K N
X-ray tube plate voltage ef- | (16)]| 2V/v + MM gg) £0.025% | 4471 -1.18 - +0.151
fects on window absorption uox . .
AV
Reference volcage effeces on | (21)| % + =L +0.21 +5.88 +1.18 .27 0,254 +0.189 10,0378
X-rsy tube plate current r uex
ln;ut resistor effects on (21) oR " tox +0.125% -5.88 $0.736 -1.27 20,159 -0.189 +0.0236
-ray tube plate current 'y '
Feedback resistor effects on | (21) i;x L #0.125% | -5.88 £0.736 -1.28 0,159 -0.189 0.189
X~-ray tube plate current '3 Hex v .
Integration capacitor leakags | (21)] Fi= v olor, o000 10 %0hm™t | s16x1070 2016 +4.3x1070% | 20,043 +0.68x10701 | £0.006
effects on X-ray tube plste cl ue r
current . .
Integration smplitier offset | (21| ¥, b ¢ || £50x107%| +1.06x10%"17 20,53 +.231x10% 1y 20.115 +.036x10%" 15} 20,017
voltage effects on X-ray r
tube plate current AP
" 0%
Atmospheric pressure effects | (29) poss Ll s1.on +1.58 .58 +.361 20,341 +.051 10,051
on counter tube efficlency AV. e ccoe-l
-5
Counter tube voltage effects |(29) + &2 $0.035% | +.385 $0.0135 +.083 0.0029 +.00123 43210
on counter tube gain AKC
Preauplifier gain effects on |(29) + ;}; 20.5% +.0294 £0,015 +.00633 £0.0032 +.00093 40.00048
detection . AK.b
Discriminator gein effects on | (29) . |+ ;E; £0.5% +.0294 20,015 +.00635 £0.0032 +.00093 £0.00048
tection
A
Discriminator level setting |(29y | 2Vb - £30% -.029 40.87 -.00635 40,189 -.00093 +0,028
effects on detection 'V;
Random pulse rate effects on ' [(31) #_ﬂ t gl 0,51 5.88 22,06 |[0.61 2127 20,645 147,05 40,189 11,33
detection . ﬁ%
fRandom pulse rete effects on {(33) m!‘ t e +0.091% +5.88 £0.37 20.111 £1.27 +0.08 +1.28 +0.189 40.24
calibration \ d
Calibration chart resding $0.01 +1.0 +1.0% +1.0 1.0 +1.0 1,0 +1.0 1.0
error effect on density
Pressure messurement effect |(36) AF +1.0 20.35% +1.0 40.35 +1.0 40.35 +1.0 40,33
on calibration
Tempersture measuremenc ef- | (36) | 2T -1.0 $0.17% -1.0 20,17 ~1.00 40.17 -1.0 0.17
fect on calibration . P R
w a
Humidity effects on cali- “y | +{L - I;) +1.25% +0.38 +0.475 40,38 40,475 40.38 +0.473
braticn p re ’
Humidity effects on cali- (45) ,3-' + “—' -1 +1.25% +0.04 +0.0% 40,04 40,08 +0.04 40.0%
bretion absorption [
Path length effects on cali- |(47) ‘5 -1.0 £0.02% -1.0 40,02 -1.0 40,02 -1.0 20,02
bration —|1
Background effects on density [ (48) 1% + 25x0°% | +5.88 $0.0015 ||47.6x1073% | 41,27 20,0096 || 1.0t +0.189 0,189
ToTAL|| 20 Error £3.51 42,74 £3.01
CONSTANTS
v, 4750 v
1
E 5.88 1.27 0.189
xS 12x1.82x0.005x2,56  0.277
1, 0.398 mA
Ve 0.0398 volts
Vo # Ellament voltage ) volts
HoP X, = 500x.00178 x 2.5 = 2,23
S = 0.005
ek pv
,ﬁﬁ - 13.2
<
1 = 80,000 Hz 27,000 He 200 He
Ih - 2 Hz
l‘ - 4200 «




TABLE T, - FRROR SUMPARY
2.5 cm Path Length

T TT Atmosphere U T Xtmosphere 1.0
oo _Atmosphe
PatameTer TaraereT T {PareneteT T BB L S B T ——
Equa.] Uncer- {Multiplying Uncer- Multiplying in Uncer- Multiplying in Uncer- Multiplying in
Error Source No. tainty Factor tainty Factor Density tainty Factor Densit tainty Factor Density
X-ray tube plate voltage 11y Wiy +2.88 +0.05% +2.88 +2.88 +2.88
effects on u ’
X-ray tube plate voltage ef- | (13) | "Viv + & £0.05% +32 £7.0 1.2 £1.07 40.33 £0.215
fects on flux generation
X-ray tube plate voltage ef- | (16) | Vv |- Zu'%™w pugff 20,0252 {4213 +30.7 42.2
fects on window sbsorption uox
av 1
Reference voltage effects on | (21) + +0.0065% {+16 #0.104 +1.6 +0.01 +0,
X-ray tube plate current 'V: Hox 165 0.0011
Input resistor effects on an| AR - o 10.1251 |-16 £2.0 1.6 +0.20 -0.163 0.001
-ray tube plate curcrent i
L 3
Feedback resistor effects on 21) i_x T:, %56,125% -1& +2 .0 -1.6 +0.20 -0.165 $0.021
X-ray tube plate current R v
f - -
Integration capacitor leskage] (21) | ¥b- wis Mg omw Torem~! | +5.4x107 20,034 +5.4x10® 40,005 +3.6x10° #0.0006
effects on X-ray tube plate cl
current . n
Integration smplifier offset | (21)| V, + ok §- (oo #50x207% Laaouovly | +0.102 +205v-1q +0.0103 awly +0.001
voltage effects on X-ray 4
tube plate current
AP, M P X g
Atmospheric pressure effects (29) +- S oaxf] 100 +0.534 20,534 £0.0%3 #0.053 +0.0055 +0.0035
on counter tube efficiency Avl c cec ot .
Counter tube effects on €29) A + oox $0.035 +1.06 $0.037 +0.105 +0,0037 +0.0109 %0.00038
counter tube gain »
Presuplifier gain effects on | (29) ~=‘ + 2 20,51 +0.08 20.04 +0.0076 40,004 +0.00082 £0.00041
detection AK: uex
Discriminator gatn effects on| (29) + 3 10,5% +0.08 20.04 40.0076 40,004 +0.00082 £0.00041
detection uex
v,
Discriminator level setting (29) |, b . +30% -0.08 2.4 -0.0076 +0.24 -0.00082 40,028
effects on'detection B _v; uox
Random pulse rate effects on {31) ‘5 . A 40.51 %16 8.0 20.651 %1.6 £1.05 102 40,163 *1.65
detect ion Hox
Random pulse rate effects on | (33) ,58‘: . A £0.091% | 216 21.46 J 20.162% | 21.6 0.26 £1.87% § 10,165 +0.3
calibration iﬁfd “px . .
Calibration chart resding error +0.0% + 1.0 +1.0% +1 10 1 £1.0 + 1.0
effect on density
Pressure measurement effect on (36) A; + 1.0 40.35% +1 40,35 + 20,95 +1 40,33
calibration
Temperature measurement ef- (386) A; ~1.0 20,177 -1 #0.17 -1 20,17 -1 £0.17
fect on calibration
Humidity effects om cali- (s3) :‘ *(, N .25t |+0.38 0.475 +0.38 0,475 +0.38 20.473
bration pressure t
Humidity effects on calibra- | (45) :; S Ly 41.25% 10.04 £0.05 40.04 40.9% 40,04 £0.03
tion absorption Ha
Path length effects on (47) A§ -1.0 20.5% -1 20.5 -1 0.5 -1 20.5
calibration
Background effects on density | (48) ;h + ;%; s.0x10" 3 +16 20.08 [l4s.6x1071f +1.6 +0.014 J42.0% 40.165 20.33
4 .
TOTAL {f 20 Error £11.4% 41.96 +2.18
CONSTANTS
1480
VP v
o~ 16 1.6 0.165
UoP Ry 200 x 1.82 x 0.005 x 254 = 4.62
lp 7.644 mA
v 0.7644 volts
r
Rl 6200
v, 4.2V
U PeXe 5.0
s 0.005
AR fAV
/v 12
¢/ c
1, 40.000 Hr 23,000 Hx 100 k=
L, 2 Hx
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The random errors are listed as + values. The systematic errors
have a single sign either + or -. The uncorrelated random

errors are summed as the square root of the sum of the square and
the correlated random errors are summed algebraically. The
errors are computed at the distances of 2.5 cm and 61 cm, and

at three densities, 1 atmosphere, 0.1 atmosphere, and 0.01
atmosphere. These total errors are summarized in table I. These
errors are plotted as a function of density in figure 18. The

one sigma error is less than *5.0% in all cases.
SYSTEM PERFORMANCE

This section discusses the results of system testing show-
ing calibration measurements, stability measurements, and repeat-
ability measurements. The test methods are described and
important results analyzed.

Calibration

The system calibration was done using the calibration
chamber illustrated in figure 19. The density of the air in the
chamber is controlled using a vacuum pump and bleed valves. Ac-
curate measurement of pressure is obtained with the manometer
gnd temperature with the thermometer. The separation distance
of the source and detector is adjusted external to the chamber,
using the lead screw and carriage. Repeatable positioning of
the carriage is assured by use of a turn counter geared to the
lead screw which reads out separation distance to the nearest

0.025 cm and can be interpolated to 0.005 cm. The counter gas
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and high voltage reach the detector via tubing and cabling,
feeding through the end plate. A blower is mounted to the op-
posite end plate used to cool the X-ray tube. The collimator is
mounted at the X-ray tube window to an alignmment plate such that
adjustment of the beam alignment can be made. An access port is
ovided in this end plate.

The first step in system calibration is to check the equip-
ment settings as defined in the operating instructions. The
system is turned on and the collimator aligned. An X-ray photo-
graph is taken verifying the location of the X-ray beam. The
required distance is set up and, using a trial and error method,
the plate current and plate voltage are determined to provide a
200 Hz count rate (less background) at a pressure of 71 cm Hg and
an 80,000 Hz count rate at a pressure of 0.71 cm of Hg (100 Hz
and 40,000 Hz for 2.5 cm path length). The chamber temperature is
noted. With this plate current and voltage established, the cal-
ibration data of count rate versus pressure is taken, noting the
chamber temperature at each point. The density is computed from
the pressure and temperature measurements and count rate versus
density plotted. A typical calibration curve is shown in figure
20, The data is presented as a log-log plot to give equal read-
ing resolution in percent of reading over the entire measurement
range. Table II gives the voltage and current settings for each
separation distance.

The calibration curves at distances of 2.5 cm and 61 cm are

shown in figure 21, plotted on semi-log paper. Notice the
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TABLE II.

- CALIBRATION SETTINGS

Plate Current

Coii;giﬁor Vg%iEZe (Ref. Vo%{) Coggﬁgnt
(inches) (volts) (mA x 10 ) Switch
0.25 1480 0.7644 Slow
0.25 1671 0.2934 Fast
0.25 1835 0.1062 Fast
0.5 1839 0.3802 Fast
0.5 2164 0.0736 Fast
0.5 2435 0.0313 Fast
0.5 2665 0.0190 Fast
1.0 2660 0.0733 Fast
1.0 2845 0.0530 Fast
1.0 3040 0.0402 Fast
1.0 3200 0.0332 Fast
1.0 3300 0.0288 Fast
1.0 3445 0.0255 Fast
2.0 3465 0.1048 Fast
2.0 3573 0.0940 Fast
2.0 3680 0.0847 Fast
2.0 3790 0.0767 Fast
2.0 3890 0.0790 Fast
2.0 3980 0.0657 Fast
2.0 4080 0.0602 Fast
2.0 4165 0.0566 Fast
2.0 4265 0.0528 Fast
2.0 4350 0.0500 Fast
2.0 4440 0.0471 Fast
2.0 4510 0.0454 Fast
2.0 4590 0.0435 Fast
2.0 4670 0.0416 Fast
2.0 4750 0.0398 Fast
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deviation from a pure exponential absorption curve at 61 cm and
the nearly perfect curve at the 2.5 cm distance. The primary
reason for the large difference in shape of the two calibration
curves is a peculiar dual spectrum from the X-ray tube. Figure
22 illustrates this dual spectrum at two values of density and
a 61 cm distance. The upper energy spectrum is the X-ray tube
continuous spectrum whose energy is variable depending upon the
plate voltage. The lower energy spectrum is fixed at about
1 keV regardless of plate voltage. This spectrum is felt to be
a copper L emission from copper contaminant on the face of the
tungsten target. At high densities, this copper L emission is
easily absorbed and the calibration curve has a slope consistent
with the exponential absorption characteristic of the upper
energy. At low density, the copper L emission intensity is large
compared to the continuous spectrum and the calibration curve
has a much steeper slope consistent with the exponential ab-
sorption characteristic of the lower energy. Thus the change in
slope with density. At short path lengths, the plate voltage re-
quired is lower and the continuous spectrum falls on top of the
copper L emission, giving a single line and thus a single slope
to the calibration curve. Curves for intermediate distances fall
between the two extremes of figure 21. System accuracy improves
with a éteepening of the calibration slope.

A measure of the detector response was taken to verify the
coincidence loss estimate. Figure 23 shows the result of a plot

of count rate versus plate current. The relationship is nearly
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linear showing a counting loss of only 5% at a count rate of
80,000 Hz.
Stability

Stability measurements were taken to show the short and long
term drifts of the system. Figure 24 shows a typical 2% hour
stability run, including system warm-up. Each data point is a
10-second average. The statistical spread is normal. The system
drift is not noticeable within the + 0.11% one sigma data spread.

Repeatability

Repeatability measurements were taken of the system by com-
paring repeated calibration data at several distances over a
period of several weeks. Count rate measurements were made at
the upper and lower ends of the calibration. The data points
are averages of three 10-second counting intervals. This data is
referred to density variations and plotted as a probability dis-

tribution in figure 25, showing a *1 o spread of *5%.
OPERATING INSTRUCTIONS

The following section briefly describes recommended methods
of system setup and operation.
System Mounting
The X-ray tube and proportional counter are mounted on op-
posite sides of the gas to be measured. The proportional counter
and its cabling may be located in the vacuum environment and the

vacuum seal made at the preamplifier back plate. Application of
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silicone grease to the high voltage connections is recommended to
prevent voltage arcing in the vacuum. Gas hoses connect the pro-
portional counter chamber to the gas regulator and vent it to the
atmosphere. The hose containing the capillary tube section is
connected between the gas regulator and proportional counter tube.
The gas regulator is adjusted to approximately 3 psig pressure,
allowing a nominal gas flow through the counter tube. Before
operation of the proportional counter tube, the gas mixture should
be allowed to purge the tube for at least 30 minutes. For
greatest stability, the tube should be purged for approximately

8 hours. The gas is normally left flowing continuously, elimi-
nating the need for purge cycles. The main detector cable is
connected from the console to the preamplifier.

The X-ray tube is mounted to an interface plate, making the
vacuum seal to the X-ray tube face. Filament leads are connected
through the protective cover. The high voltage cable is con-
nected directly to the X-ray tube anode with its shield grounded
to the interface plate. The blower is mounted to the interface
plate, directing cooling air at the X-ray tube. Power for the
blower is supplied from the operation console.

The path length is defined as the distance from the front
surface of the X-ray tube face plate to the surface of the pro-
portional counter tube window.

System Setting Adjustment

Recommended settings of the operation console are listed in

table III. After a check of these settings, the following
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TABLE TIII

RECOMMENDED CONTROL CONSOLE SETTINGS

CONTROL PANEL

Time Constant Switch

Operation Mode Switch
REFERENCE POWER SUPPLY
Range Switch

Current Limit Potentiometer

Voltage Adjustment Switch
FILAMENT POWER SUPPLY

Voltage Adjustment Potentiometer

Current Limiter Adjust.Potentiometer

PLATE VOLTAGE POWER SUPPLY
Standby/Operate Switch
Voltage Adjustment Switch
Polarity Switch

COUNTER
Sensitivity Switch "A"
Slope Switch
Mode Switch

Function Switch

Time Base Switch

Sample Rate Potentiometer
DIGITAL RECORDER

Record Switch
DISCRIMINATOR

Coarse Gain Switch

Fine Gain Potentiometer
Function Switch
AE Potentiometer
Eu Potentiometer
EL Potentiometer
PROPORTIONAL COUNTER POWER SUPPLY
High Voltage Switch
High Voltage Adjust. Potentiometer
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See calibration chart
Off

0-10 volts
Maximum

See calibration chart

0 volt

See operation sequence
items 4, 5, and 6

Standby
1.500 kv
+

+1.5 volts
+

Sep.

Frequency A
1.0 second

Minimum

Off

16
0.875

N/A
N/A
0.010

On
0.730



operation sequence is recommended.

b~ W N —

10.

11.
12.

13.

Operation Sequence
Set the Operation Mode switch in the Off position.
Turn all instrument On-0ff switches in the On position.
Set the Operation Mode switch to Manual position.
Increase the filament power supply Voltage Adjust potenti-
ometer until the filament current is approximately 2.0
amperes.
Adjust the filament power supply Current Limiter poteni-
ometer to limit at approximately 2.0 amperes.
Set the Operation Mode switch to Offset Adjust position.
Adjust the Offset Adjust control (screwdriver adjustment)
for a voltage output of zero volts +0.005 volt at the
amplifier output terminals.
Place the Time Constant switch to that position specified
on the calibration setting table (Table II.) for the path
length selected.
Set the Reference Voltage Adjust switch to that value
specified on the calibration chart for the path length
selected.
Set the Plate Voltage Control switch to 1.5 kV and the
Standby/Operate switch to Standby.
Set the Operation Mode switch to Filament Warmup position.
When the plate voltage power supply lamp turns on, place
the Standby/Operate switch to Operate.

Adjust the Plate Voltage Control switch to the value
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specified on the calibration chart.

14. Set the Operation Mode switch to the Operate position.

15. Set the digital recorder Record Switch to On.

16. The System is now operating in its normal mode.
Collimator Alignment

The collimator is chosen for the particular X-ray path
length selected, as defined on the calibration chart. The colli-
mator is inserted in the collimator alignment fixture with the
back end flush with the back face of the fixture. The fixture is
then installed on the interface plate and alignment adjustment
made via the adjusting bolts.

Alignment of the collimator is best accomplished by activat-
ing the X-ray tube and detector system and measuring the count
rate obtained. The X-ray tube is then deactivated and the colli-
mator again adjusted. Another count rate is taken and compared
with the previous count rate. Adjustment and count rate measure-
ment cycles are repeated until the highest count rate is ob-
tained. A small shield, with a 0.635 cm diameter hole, centered
in front of the proportional counter window, will greatly facili-
tate this alignment.

With the alignment completed, the system is ready for
density measurement.

Overload Reset Cycle

If an accidental overload occurs, the X-ray tube plate volt-

age power supply will automatically turn off and the filament

voltage will be reduced to zero. The following procedure is
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applicable in this situation.

1. Place the plate voltage power supply Standby/Operate Switch
to Standby.

2. Adjust the Plate Voltage Control switch to 1.5 kV.

3. Place the Operation Mode switch in the Filament Warmup
position and check for proper setting of the Time Constant
switch.

4, Repeat steps 13 to 16 of previous section, Operation

Sequence.
SAFETY

Two safety considerations are important in the operation of
the system. The first involves use of the high voltage equip-
ment. Care should be exercised to avoid contact with the X-ray
high voltage terminals. Some physical protection has been pro-
vided in the form of a partial housing over the X-ray tube such
that with normal care no hazard exists.

The second consideration involves X-ray dosage. With the
X-ray energies involved, 0-5 keV, the X-ray tube envelope ab-
sorbs all the flux except for the output beam. One mm of glass

29

attenuates 5 keV X-rays by a factor of 1.62 x 10 For 5 kV,

10 mA operation, the total X-ray power generated from equation 4

is

-12 3,2
I, = 1.4 x 10 x 10 x 74 x (5 x 10”7) = 0.0259 watts

At the X-ray tube surface, 2 cm away from the target and
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after attenuation by the glass envelope, the intensity is found

to be

0.0259 x 1.62 x 10722

4m(2)°

33

= 8.35 x 10 watts/cm2

This is equivalent to 8.35 x 10"26 ergs/cmz—second° The range
in tissue at which 95% of the energy is absorbed is 0.071 cm.
Since 1 rad is equal to 100 ergs/gm of absorbed dose, the dose
rate at the surface of the X-ray tube envelope is

26 3

_8.35 x 10°°" ergs . 1 rad- cm 1 _ -26
D===y % Toooeres x T8 % gyTom = 1.175x10777 rad/sec

or converting units.

-20 millirad
our

D=4.22 x 10

(The ambient radiation level at the surface of the earth is about

millirad
0.008 ——EBG§——D)

At the X-ray tube window a 5 keV flux of 100,000 pulses per
second in a 0.635 inch diameter beam has an intensity of

100,000 pulses 5 keV 4 1l erg

X
sec pulse = ' ¢35y7 1 em? | 6.25 x 10° kev

- 2.54 x 107> __&ras

cm” - sec
The dose rate at this intensity 1is
2.54 x 1073 ergs 1 rad - gm cm < 1 . 3600 sec
cm® - sec 100 ergs 1 gm .071 cm hr
- 1.29 F24

This is a significant dose rate and direct exposure to any

part of the body should be avoided.

74




CONCLUSIONS, RECOMMENDATIONS, AND APPLICATIONS

This program has resulted in the design and fabrication of
a Soft X-ray Absorption-Mode Gas Density Measuring System which
meets all of the stated requirements. The theoretical models
generated at the inception of this work were verified. Second
order effects, such as dose buildup and gas fluorescence, were
found to be negligible. An unexpected dual output characteristic
of the X-ray tube due to target contamination was found to improve
system accuracy but at the expense of requiring a separate cali-
bration curve for each X-ray path length.

The equipment fabricated was found to be highly reliable.
At the time of this writing, the system has been operating for a
total of approximately 400 hours, without a single failure.

The system is suitable for application to laboratory facil-
ities where the X-ray tube source and proportional counter
detector can be mounted on each side of the gas flow and the
operating rate can be located near the test chamber. The knowl-
edge and experience obtained in the development of this labora-
tory system provides a sound basis for development of similar
gas density measurement systems of small size and weight
applicable to measurements in unfriendly environments.

It is recommended that further study in the areas of X-ray
tube target contamination, X-ray tube thin window fabrication,
and collimator design would benefit the program and result in

less severe accuracy requirements of associated equipment. This
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would further improve system accuracy and increase the dynamic

range of measurement. Methods of automatic computation can be

developed to provide a direct readout of the measured density,

eliminating the need for calibration charts.

GIANNINI CONTROLS CORPORATION
DUARTE, CALIFORNIA
18 July 1966
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APPENDIX
X-RAY TUBE STABiLIZATION LOOP ANALYSIS

The X-ray tube stabilization loop is illustrated in figure 26.
The plate current, ip,is accurately controlled by a precision volt-
age reference, V_. The plate current passes through a 100 ohm pre-
ff of which is taken the feedback voltage, Vep-
The transfer characteristics of this feedback resistor, K3, is

Ky = 0.10 volts/milliampere

This feedback voltage is negatively summed with the reference
voltage to give the error‘signal, €. The error signal is operated
on by the transfer function ?%E' The summation and transfer
characteristics are generated by the operational amplifier net-
work shown in figure 27. Removal of resistor R, provides lead
to the loop, improving dynamic response.

Kl is the control characteristic of the filament power
supply. The transfer function K1 is given by

K; = 1.0 volt/volt

The transfer function of the X-ray tube is a single order

lag and a non-linear gain.

oY

Ve T, 85+ 1
The lag 1, is about 2 seconds, caused by the filament warmup
characteristics. The relation between plate current and filament

voltage is shown in figure 28. The gain K, is shown at four

values of plate current.
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Examination of figure 26 gives the system open loop transfer
function G of
) K1 K, K3 T, s + 1

G e Ty S + 1

The loop stability is examined on the root locus plot of
figure 29 for two values of integrator capacitance, giving a high
response and low response. The system response at the four

currents is tabulated below.

Plate Current | Natural Frequency| Damping Ratio
i (ma) W rad/sec
P n
High 0.1 0.8 0.33
Response
1.0 1.9 0.20
5.0 3.7 0.20
10.0 5.2 0.23
Low 0.1 0.35 0.75
Response
1.0 0.8 0.40
5.0 1.5 0.35
10.0 2.1 0.36

For plate current settings above 5 mA, the low response
capacitance values are used. For settings below 5 mA, the high
response setting is used, providing good response and damping for

all conditions.
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